Background: Serum branched-chain and aromatic amino acids (BCAAs and AAAs) have emerged as predictors for the future development of diabetes and may aid in diabetes risk assessment. However, the current methods for the analysis of such amino acids in biological samples are time consuming.
Introduction
Diabetes has become a global epidemic that threatens public health and the economy in most countries. Given the availability of effective interventions for delaying or preventing the onset of diabetes, early identification of at-risk individuals is particularly crucial [1] . Recent studies based on metabolomics have documented the potential key role of branched-chain (BCAAs) and aromatic (AAAs) amino acids in insulin resistance and obesity [2] [3] [4] . Furthermore, these amino acids have emerged as predictors of the future development of diabetes and may aid in diabetes risk assessment [5, 6] .
Further studies of BCAAs and AAAs as early diabetes risk factors require simple and reliable methods for measurement of the amino acids. There have been numerous methods for amino acid analysis, but most of them seem to be too time-consuming or tedious (requiring long chromatography run time and/or multistep sample preparation, such as derivatization) for the purpose of diabetes risk screening. The traditional ion-exchange chromatography method [7] was first developed in the 1940s and has evolved into the amino acid analyzers in use today for certain applications. A long chromatography run time is characteristic of this method. Since the 1970s, various high-performance liquid chromatography methods for the analysis of amino acids have been studied [8] . In these methods, amino acids are derivatized before the chromatography analysis for detection and separation reasons. Other techniques, such as gas chromatography [9] , capillary electrophoresis [10] , gas chromatography mass spectrometry [11] , and liquid chromatography mass spectrometry [12, 13] have also been applied to the analysis of amino acids, most of which also require precolumn derivatization. With the development of highly selective and sensitive tandem mass spectrometry techniques, the analysis of underivatized amino acids has become possible. Several liquid chromatography tandem mass spectrometry (LC/MS/MS) methods for the direct analysis of amino acids in biological samples have been reported [14] [15] [16] [17] . These methods are advantageous in that there is no need for a precolumn derivatization that costs time and can often lead to analytical problems. However, current LC/ MS/MS methods mostly focus on amino acid and metabolite profiling, and often require a long LC run time.
Some commercial amino acid analysis kits based on the above analytical principles have also been available. Among them, the MS/MS kit intended for use in newborn screening is highthroughput. However, this kit focuses on amino acids and metabolites that are important for the detection of inborn metabolic disorders and does not separate the isobaric leucine and isoleucine which are important BCAAs potentially predictive of diabetes risks.
In this study, we investigated the LC separation and MS/MS detection of BCAAs and AAAs, especially that of the isobaric leucine and isoleucine, and developed a specific and precise method for the measurement of serum BCAAs and AAAs. The method requires minimum sample preparation, performs with a short run time and is suitable for screening potential diabetes risks.
Materials and Methods

Ethics Statement
This study has been reviewed and approved by the Ethics Committee of Beijing Hospital, Ministry of Health. All studied individuals had been made aware in writing of the intended use of their sample and provided written consent. 5 , respectively. The calibrators and the internal standard solution were stored in 1-ml aliquots at 280uC until the time of analysis.
Chemicals and Reagents
Sample preparation. Calibrators, the internal standard and serum samples (if frozen) were thawed, mixed and equilibrated to room temperature. Aliquots of 0.05 ml of calibrators or serum samples were pipetted into 2-ml vials, followed by the addition of 0.05 ml of the internal standard solution and 0.4 ml of acetonitrile containing 0.1% formic acid to each vial. The vials were then vortexed and centrifuged at 3 1486g for 10 min. An aliquot of 0.05 ml of the supernatant was transferred to another vial and evaporated under a stream of nitrogen until dry. The residue was then reconstituted with 0.2 ml of 0.1% formic acid in water.
LC/MS/MS analysis. The LC separation was performed on an Agilent 1200 series LC system. Aliquots of 2 ml of the prepared samples were injected onto a Waters Shield C18 column (3.5 mm, 2.16150 mm) maintained at 20uC and eluted with a mobile phase of 0.01% formic acid in water-acetonitrile (90:10) at a flow rate of amino acids and their internal standards were monitored and peak area ratios of amino acid to internal standard were calculated after correcting for transition overlaps of natural Leu and Ile (see the Results section). The calibration curve was generated using a linear regression of the peak area ratios (y) vs. the amino acid concentrations (x) of the calibrators.
BCAAs and AAAs in Healthy Subjects
From a group of individuals attending an annual physical examination at the hospital, 192 subjects (94 males and 98 females ranging in age from 19 to 76 years) were selected. The subjects were deemed healthy on the basis of a medical history and physical examination results, with a body mass index (BMI) ranging from 16.6 to 29.9 and systolic blood pressure in the range of 90 to 140 mmHg. The sera from fasting blood samples obtained from volunteers were isolated and stored at 280uC until the time of analysis. The serum BCAAs and AAAs were analyzed by the present method. The serum samples were also tested for glucose, total cholesterol (TC), triglycerides (TG), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) and C-reactive protein (CRP). HDL and LDL subfraction cholesterol (HDL 2 -C, HDL 3 -C, LDL a -C and LDL b -C) levels were also measured for a subset of 111 samples. Glucose, TC, TG, HDL-C, LDL-C and CRP were measured using assay kits from Sekisui Medical Technologies (Osaka, Japan) on a Hitachi 7180 chemistry analyzer, and HDL and LDL subfractions were measured using our previously reported ultracentrifugation-HPLC method [18] .
Biological Variations of BCAAs and AAAs
Twenty laboratory professionals (10 males and 10 females in the age range of 23 to 58 years) at the hospital volunteered to participate in the study of biological variations of serum BCAAs and AAAs. The subjects maintained a constant weight and a normal diet and lifestyle during the study. Fasting blood samples were collected four times from each individual at two-week intervals, and the sera were separated and stored at 280uC. After completion of the sample collection, the samples were analyzed for BCAAs and AAAs with the presently described method. The intrasubject and inter-subject variations (CV I and CV G ) and the individuality index (II) were calculated as previously described by Fraser [19] .
Statistical Analysis
The present LC condition (mobile phase composition) was compared with another condition (lowered acetonitrile in the mobile phase) in the verification of the analytical specificity. The consistency of the two sets of results obtained under two LC conditions was evaluated by the paired student's t-test, and numerical data were expressed as mean 6 standard deviation (SD). The association of BCAAs and AAAs with other biochemistry parameters was assessed with the use of partial correlation coefficients after adjustment for age and gender. All reported P values are two-tailed, with a P value of 0.05 indicating statistical significance.
Results
LC/MS/MS Conditions and Specificity
The ionization and fragmentation of the amino acids under various MS/MS conditions were tested by injecting each of the amino acids into the MS/MS system using a syringe pump. The MS/MS conditions were optimized for signal intensity and detection specificity. Table 1 presents the MS/MS transitions and parameters used for monitoring the amino acids. The ionization and fragmentation of each amino acid under the selected conditions are shown in Figure 1 . Generally, the most abundant precursor and product ions for the amino acids were (M+H) + and (M2COOH) + ; thus, the transition of (M+H)
+ was used for the detection of Val, Tyr and Phe. For Leu and Ile, transitions of m/z 132Rm/z 43 and m/z 132Rm/z 69 were used, respectively, to separate the isobaric standards for Leu and Ile respectively. The use of the above transitions required minimum LC separation and enabled a run time of less than 2 min, as shown in Figure 2A . To verify the specificity of the analysis, 51 serum samples were analyzed with both the present chromatographic condition and a condition (lowered acetonitrile proportion in the mobile phase) that enabled separation of Leu and Ile, as shown in Figure 2B . The two sets of results and their differences are shown in Figure 3 and Table 2 .
The results under the two conditions were generally comparable, though statistically significant differences were observed for Tyr and Phe.
Linearity
The linear regression between the peak area ratios and the amino acid concentrations was used for the establishment of the calibration function. Table 3 lists the average regression coefficients (a), intercept (b), correlation coefficient (r 2 ) and standard error of the estimate (SE) of the regression. Typical calibration curves for each amino acid are shown in Figure 4 .
Recoveries
The recoveries of the analyses were tested by spiking a serum with known amounts of amino acids followed by analyzing the amino acids in the serum samples. Two levels of amino acids were added to the serum. As shown in Table 4 , the average analytical recoveries for Val, Ile, Leu, Tyr and Phe were 100.9%, 103.2%, 101.8%, 103.4% and 101.8%, respectively. It should be noted that, while the analytical recoveries were close to 100%, the absolute recoveries of the amino acids were in the range of 60 to 77%, indicating the occurrence of ion suppression.
Precision, Sample Stability and Limits of Quantification
The precision of the analysis was tested by analyzing four serum pools of different amino acid concentrations. The serum pools were analyzed in triplicate in five independent runs. The intra-run and total CVs are presented in Table 5 . Total CVs for the measurement of Val, Ile, Leu, Tyr and Phe ranged 1.4%-2.3%, 1.5%-2.1%, 1.8%-2.7%, 2.8%-3.2% and 1.4%-2.3%, respectively. The results for a quality control material in 15 runs within a period of 14 months showed similar total CVs (1.6%, 1.5%, 1.9%, 2.5% and 2.4% for Val, Ile, Leu, Tyr and Phe, respectively). The control material was a frozen serum pool and the above results also demonstrated that the serum amino acids were stable during the storage at 280uC. The limits of quantification (LOQ), defined as a concentration at which the signal-to-noise ratio is 10, were 0.3, 0.7, 2.6, 0.2 and 0.2 mmol/l for Val, Ile, Leu, Tyr and Phe, respectively.
BCAAs and AAAs in Healthy Subjects
Serum BCAAs and AAAs in 192 healthy subjects were analyzed. The distribution of BCAAs and AAAs in the subjects was leptokurtic and positively skewed. The mean and percentiles of the amino acids are listed in Table 6 . Serum BCAAs in males were significantly higher than that in females (P,0.05), whereas AAAs were similar in the two groups. Serum BCAAs seemed to be negatively correlated with age, especially Ile (P,0.001). In partial correlation analyses adjusted for age and gender, as shown in Table 7 , most of the BCAAs and AAAs were significantly correlated positively with BMI, glucose, TG, LDL b -C and CRP, and negatively correlated with HDL-C and HDL 2 -C. Serum AAAs also seemed positively correlated with blood pressure. No significant correlations between the amino acids and TC, LDL-C, LDL a -C or HDL 3 -C were observed.
Biological Variations
Biological variations of serum BCAAs and AAAs were studied in 20 healthy volunteers. The CV I , CV G and II for each of the amino acids are presented in Table 8 .
Discussion
It has long been observed that BCAAs and AAAs correlate with obesity and serum insulin [20] , but only recently have these amino acids been found to be closely associated with insulin resistance and pathogenesis of diabetes [21, 22] . Several recent studies have consistently shown that BCAAs and AAAs are strongly correlated with insulin resistance [2] [3] [4] , prediction of diabetes development [5, 6] and intervention outcomes [23] [24] [25] and are uniquely responsive to therapeutic interventions. All of these findings suggest that serum BCAAs and AAAs be promising early markers of diabetes development. Further studies are warranted to test whether these amino acids might help identify candidates for interventions to reduce diabetes risk; therefore, convenient methods for measuring the amino acids are needed. Among the various analytical techniques for amino acids, LC/ MS/MS, which involves an LC separation and a combined MS analysis of a precursor ion and one of its fragments, has the minimum requirements for sample preparation and chromatographic separation. However, direct analysis of amino acids by LC/MS/MS can be challenging due to the existence of isobaric amino acids (e.g., Leu and Ile) that have similar LC and MS properties. Most of the current LC/MS/MS methods [16, 17] use the principal transition of Leu and Ile (m/z 132Rm/z 86) and separate the amino acids by LC. Understandably, the LC separation often requires a relatively long chromatography time.
There are other MS transitions for Leu and Ile that might be useful for the detection of amino acids [13, 14] . In trying to differentiate Leu and Ile by MS, we tested the fragmentations of the two molecules under various MS conditions. The transitions of m/z 132Rm/z 43 and m/z 132Rm/z 69 were observed to be characteristic of Leu and Ile, respectively, and their abundances were sufficient for the detection of the amino acids in serum under certain MS conditions. It was also observed, however, that the transitions were not specific, and two minor signals of m/z 132Rm/z 69 and m/z 132Rm/z 43 occurred for Leu and Ile, respectively. If the relative magnitude of the interfering transitions was known and consistent, the observed transitions could be corrected and used for the detection of Leu and Ile. Thus, we then analyzed pure Leu and Ile at different concentrations and obtained consistent peak area ratios (6% and 2% with CVs of 12% and 16%, respectively) of m/z 132Rm/z 69 to m/z 132Rm/z 43 for Leu and m/z 132Rm/z 43 to m/z 132Rm/z 69 for Ile. These ratios were then used for the correction of the peak areas in the present method. For simplicity, an approximate direct correction was used as described in the Results section. The approximation causes negligible errors (,0.1%) because of the low intensity of the interferences. Furthermore, the corrections enabled the use of the transitions for specific detection of Leu and Ile, and thus a short LC time.
There are other substances that are isobaric to Leu and Ile and that may also be present in serum [15, 17, 26] . Allo-isoleucine, a marker of maple syrup urine disease, and 6-aminocaproic acid, a therapeutic drug, exhibit the transition of m/z 132Rm/z 69. Although this may potentially interfere with the Ile analysis, these substances are essentially absent in normal serum. Hydroxyproline, which is normally present in serum, was tested for its LC and MS/MS properties. Although a weak m/z 132Rm/z 69 transition was observed, it showed a much shorter retention time and did not interfere with the analysis.
Based on previous studies [15, 17] , there should be no other substances that interfere with the present BCAA and AAA analysis. To verify the specificity of the method, a set of 51 serum samples were analyzed with two different LC conditions, the results of which were also compared.
Ion suppression would be expected for an LC/MS/MS method with limited sample preparation and a short LC time. Indeed, ion suppression at a magnitude of 20-40% was observed for the amino acids; however, the effect was largely corrected by the use of isotopically labeled internal standards and would have little influence on the accuracy of the method, as indicated by the analytical recoveries (99.6-103.6%).
The use of weaker transitions for Leu and Ile and the occurrence of ion suppression, naturally reduce the analytical sensitivity of the method. However, the amino acids are relatively abundant in serum, and the LOQs of the method were well below the normal serum levels. Other validation or assessment studies showed the method had sufficient linearity and precision for the measurement of serum BCAAs and AAAs.
As serum BCAAs and AAAs have emerged as potential early diabetes risk factors, it is of interest to look at the distribution of the amino acids and their correlation with known risk factors in apparently healthy subjects. With this method, we measured serum BCAAs and AAAs in 192 healthy subjects. Preliminary reference intervals were established for the amino acids as shown in Table 6 . More interestingly, it was observed that serum BCAAs and AAAs were very closely correlated to most of the risk factors for diabetes and cardiovascular diseases ( Table 7) .
Biological variations (CV I , CV G and II) are important characteristics of clinical laboratory tests that help not only the use and interpretation of the tests but also the definition of analytical goals. Biological variations of serum BCAAs and AAAs were also studied as shown in Table 8 .
In conclusion, we have developed a simple, fast and reliable ID-LC/MS/MS method to directly determine BCAAs and AAAs in human serum. This method may serve as a convenient tool in the study of diabetes risks. 
